Model Study of Interplay of Superconductivity and Magnetism in Cuprate Superconductors by Pradhan, B et al.
Indian J. Phys. 78(8), 781-787 (2004)
U P >
Model study of interplay of superconductivity and magnetism in cuprate
superconductors
B P ra d h a n '* ,  G  C  R o u t- an d  S  N Behera"'^
'Department of Physics, Government Science Colleg#, Nuapada-766 105, Orissa, India 
-Condensed Mailer Physics Group. Govcrnmcni Science Cfllcge. Chalrapur-761 020, Orissa, India 
-’Institute of Physics, Sachivalaya Marg, Bhubaiitswar-751 005, Onssa, India
K-mail: brunda@iopb.nj^ s in
Abstract : The compitition between magnetism and superconductivity is investigated m cuprate superconductors of type R, j,M,Cu04 [R = La,
Nd; M = Sr, Ba, Cc]. The anti-ferromagnetic long range ordering and the superconducting ordering are assoc iated with the same conduction electrons 
and hence there is strong interplay between the two phenomena A model is proposed for the interplay of the twc> types of orderings. Zubarev’s 
double time Green’s function technique and equations of motion method is used to evaluate the superconducting gap and anti-ferromagnetic staggered 
field. The interplay is studied by varying the coupling parameters, the position of the /-level and the hybridisation. The results arc discussed.
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1. I n t r o d u c t i o n
D oping  o f  c h a rg e  c a r r ie r s  in to  th e  M o t t - ty p e  a n li-  
fe rro m a g n e t o f  n o n d o p e d  h ig h -T ,. c u p r a te s  in d u c e s  
rem arkab le  c h a n g e s  in th e  m a g n e tic  a s  w e ll a s  tra n sp o r t 
p roperties. T h e  d o p in g  tra n s fo rm s  th e  in s u la tin g  a n ti-  
fe rro m ag n e tic  (A F M ) in to  th e  n o rm a l o r  c o n v e n tio n a l 
m etallic o n e  w ith  in c re a s in g  th e  d o p in g  ra te ; th e  high-7"^ 
su p e rco n d u c tin g  (S C ) p h a s e  a p p e a rs  in  b e tw e e n  th e  tw o . 
A lthough th e  m e c h a n is m  o f  th e  p a ir in g  in te ra c tio n  o f  
high-Tc s u p e r c o n d u c t iv i ty  is  n o t  fu l ly  u n d e r s to o d  a t 
present, th e  in te rp la y  b e tw e e n  th e  m a g n e tic  f lu c tu a tio n s  
and high-r<, s u p e rc o n d u c t iv i ty  is  o n e  o f  th e  c e n tra l  is su e s  
in the  b a s ic  p h y s ic s  o f  th e  L a m e lla r  C U O 2 m a te r ia ls . T h e  
phase d ia g ra m  o f  th e  h o le  d o p e d  L a 2-vrSrj,Cu04  (n a m e d  
LSCO ) a n d  e le c tro n  d o p e d  N d 2„;fCe;cCu0 4  (n a m e d  N C C O ) 
illustrate th e  g ro u n d  s ta te  b e h a v io u r  o f  th e  su p e rc o n d u c tin g  
state. T h e  h o le s  in tro d u c e d  in to  L S C O  d e s tro y  th e  3 -d  
long ra n g e  N ^ e l o r d e r  w ith  x  ~ 0 .0 2  f l j .  In  b e tw e e n  x  
- 0.02 a n d  x  - 0 .0 5 ,  a  s o  c a l le d  s p in -g la s s  p h a s e  a p p e a rs . 
S u p erc o n d u c tin g  p h a s e  d e v e lo p s  w ith  S r  d o p in g  b e y o n d  
^ *’^ .0 5 .  A t th e  s a m e  t im e , in c o m m e n s u ra te  sp a tia l  sp in
m o d u la tio n  a p p e a rs  w ith  m a g n e tic  in e la s tic  .sca tte ring  
p ea k s  on  the  2 -d  re c ip ro c a l p la n e r  (2J, 7;. re a c h e s  a 
m a x im u m  o f  a b o u t 38  K a ro u n d  o p tim a l d o p in g , t - 0 .1 5
[3]. In b e tw e en  ,v -0 .0 5  to  0 .1 5 , th e re  e x is ts  an  a n o m a lo u s  
d o p in g  n e a r  a* =  1/ 8 , w h e re  th e  s u p e rc o n d u c tiv ity  is  
lo ca lly  suppres.sed  d o w n  to  - 2 5  K. O v e r  d o p in g  b e y o n d  
A -0 .1 5  d e g ra d e s  th e  s u p e rc o n d u c tiv ity  a n d  b e y o n d  x  
- 0 .2 7 ,  th e  s u p e rc o n d u c t iv i ty  d is a p p e a rs .  T h e  p a ir in g  
m e c h a n ism  o f  th e  h igh-T ^ m a te r ia ls  is n o t y e t c lea r. 
B a s e d  o n  th e s e  s t u d i e s ,  o n e  c o n c lu d e s  t h a t  th e  
s u p e rc o n d u c t in g  p h a s e  m a y  b e  a c c o m p a n ie d  b y  th e  
a n tife rro m a g n e tic  sp in  d e n s ity  w a v e  s la te s . In  th is  p re s e n t 
c o m m u n ic a tio n , w e  a tte m p t to  s tu d y  th e  in te r  p la y  o f  
s u p e rc o n d u c t iv i ty  a n d  a n t i - f e r ro m a g n e t is m  in  h ig h -7 , 
c u p ra te s  th ro u g h  a m ic ro sc o p ic  m o d e l.
2 . T h e o r e t ic a l  m o d e l
T h e  a n ti- fe r ro m a g n e tis m  (A F M ) is  d u e  to  th e  s a m e  
i t i n e r a n t  e l e c t r o n  w h ic h  a r e  r e s p o n s i b l e  f o r  
s u p e rc o n d u c tiv ity  (S C ). T h e n  th e  fo rm e r  is  m o re  lik e ly  
to  be o f  th e  fo rm  o f  a  sp in -d e n s ity -w a v e  (S D W ) a r is in g
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fro m  a F erm i su rfa c e  in s tab ility . A m ean  f ie ld  d e sc rip tio n  
o f  th e  c o e x is te n c e  o f  S D W  an d  S C  w ith  d if fe re n t o rd e r  
p a ra m e te rs  h as  been  s tu d ie d  re c e n tly  [ I ] .  In  th e  p re se n t 
m o d e l, th e  A F M  a r ise s  d u e  to  su b - la ttic e  m a g n e tiz a tio n  
a r is in g  fro m  th e  c o n d u c tio n  e le c tro n s  w h ic h  a re  ag a in  
re sp o n s ib le  fo r  S C . In a d d itio n , th e  lo c a liz e d  f -e le c tro n s  
o f  th e  ra re -e a r th  a to m s an d  th e  it in e ra n t c o n d u c tio n  
e le c tro n s  h y b rid iz e . F u ld e  Vt a l (5] h a v e  e a r l ie r  p ro p o se d  
su ch  a m o d e l to  d e sc r ib e  th e  h ea v y  fe rm io n  b e h a v io u r  
o b se rv e d  in c o p p e r  o x id e  s u p e rc o n d u c to rs . R o u t et a l  
an d  c o w o rk e rs  h av e  a p p lie d  th is  m o d e l in p re s e n c e  o f  
e lec tro n -p h o n o n  in te ra c tio n  w ith  the  h y b rid iz a tio n  b e tw e en  
th e  / - le v e l  an d  the it in e ra n t e le c tro n s  s ta le s  to  d e sc r ib e  
R a m a n  sp e c tra  o f  the  h ig h - r ,  c u p ra te s  in  n o rm a l s ta te . 
T h e  c o e x is te n c e  o f  th e  S C  a n d  A F M  in  c u p ra te s  a n d  in 
b o ro c a rb id e  su p e rc o n d u c to rs  is s tu d ie d  w ith in  th e  F u ld e  
m o d e l in p re se n c e  o f  a  B C S  ty p e  ,?-w ave C o o p e r  p a ir in g  
in a b se n c e  o f  / - le v e l  [7 ,8 ]. R ece n tly , w e  h a v e  re p o rte d  
th e  th e o re tic a l s tu d ie s  o f  th e  S C  g a p  o f  th e  n o n -m a g n e tic  
s u p e rc o n d u c tin g  s ta te  o f  c u p ra te  sy s te m  in  p re se n c e  o f  / -  
lev e l [8 ]. H e re  w e  p re se n t th e  c o -e x is te n t  p h a se  o f  
c u p ra te  sy s te m s  in p re s e n c e  o f  th e  / - l e v e l  p o s it io n  o f  
ra re -e a r th  a to m . T h e  m o d e l H a m ilto n ia n  is g iv e n  b e lo w .
o rd e r  p a ra m e te r )  d u e  to  th e  c o n d u c tio n  e le c tro n  an d  is 
d e f in e d  a s
h = - - 8 t^iB
k,a
^k.a^k.cr )\ (4)
g i  a n d  b e in g  th e  L a n d e -g  fa c to r  a n d  B o h r  m ag n e to n  
re s p e c t iv e ly . T h e  in tra  / - e l e c t r o n  H a m il to n ia n  H , is 
d e s c r ib e d  by
~ ^ f  f t k . a f 2. k .a \
k,a
(5)
w h e re  B f is  th e  d is p e rs io n le s s  re n o rm a liz e d  / - l e v e l  energy  
o f  th e  ra re -e a r th  io n  a n d  / \ , i , „  (/,*,<.) is  th e  c rea tio n  
(a n n ih ila t io n )  o p e ra to r  o f  th e  lo c a liz e d  e le c tro n  in  the 
s u b - la t t ic e  / =  1, 2. T h e r e  e x is ts  a  w e a k  h y b rid iza tio n  
b e tw e e n  th e  3d  c o n d u c tio n  e le c tro n s  o f  c o p p e r  an d  / -  
e le c tro n s  o f  th e  ra re - e a r th  a to m  w ith  a  m o m e n tu m  
in d e p e n d e n t h y b r id iz a tio n  s tre n g th  V. T h e  H a m ilto n ia n  
d e s c r ib in g  th is  h y b r id iz a tio n  is g iv e n  by
= V ^ ( 4 . ^ f l . k . o  ^ < o h k . a (6 )
k,a
H  = H, + H., + H f + ( 1 )
/ / ,  d e s c r ib e s  th e  h o p p in g  o f  th e  c o n d u c tio n  e le c tro n s  
b e tw e e n  th e  n e ig h b o u r in g  s ite s  o f  th e  tw o  su b - la t t ic e s  
a n d  is  g iv e n  by
(2)
k ,(T
H e re , ^ (ak,rr) a n d  (bk,(j) a re  c re a tio n  (a n n ih ila t io n )  
o p e ra to rs  o f  th e  c o n d u c tio n  e le c tro n s  o f  c o p p e r  io n s  a t 
tw o  s u b - la ttic e s  1 a n d  2 re sp e c tiv e ly  w ith  m o m e n tu m  k  
a n d  s p in  a  T h e  h o p p in g  ta k e s  p la c e  b e tw e e n  
n e ig h b o u rin g  s ite s  o f  c o p p e r  w ith  d isp e rs io n  eo (k)  =  - 2  
to (c o s  kj, +  c o s  ky). T h e  su b - la t t ic e  m a g n e tiz a tio n  a r ise s  
fro m  th e  H e ise n b e rg  e x c h a n g e  in te ra c tio n  b e tw e e n  th e  
m a g n e t ic  m o m e n ts  a t  th e  n e ig h b o u r in g  s i t e s .  T h e  
H a m ilto n ia n  fo r  th e  s ta g g e re d  su b - la t t ic e  m a g n e tis a tio n  
c a n  b e  w ritte n  w ith in  m ean  f ie ld  a p p ro x im a tio n  a s
- b l o K c ) '
^  k,0
(3)
F in a lly , th e  m e a n  f ie ld  B C S  H a m ilto n ia n  d e sc rib in g  
p h o n o n  m e d ia te d  su p e rc o n d u c tiv ity  a t th e  tw o  d iffe ren t 
s ite s  o f  c o p p e r  (a s su m in g  o n ly  in tra  s u b - la t t ic e  p a irin g )
T h e  in te r  s u b - la t t ic e  p a ir in g  th o u g h  s ig n if ic a n t,  is  not 
ta k e n  in to  c o n s id e r a t io n  f o r  s im p lic i ty  o f  n u m eric a l 
c a lc u la tio n s .  H e re  A  is  th e  s u p e rc o n d u c tin g  g a p  p aram e te r 
g iv e n  b y
(8 )
w h e re  h is th e  s tre n g th  o f  su b -la ttic e  m a g n e tisa tio n  (= A F M
b e in g  th e  s tre n g th  o f  th e  a t tra c tiv e  in te ra c tio n  between 
tw o  e le c tro n s  m e d ia te d  b y  th e  p h o n o n s  o r  o th e r  m ed ium . 
I t  is  to  b e  n o te d  th a t  th e  to ta l  H a m il to n ia n  o f  th e  system  
is a  m e a n  f ie ld  o n e  w h ic h  c a n  b e  s o lv e d  e x a c tly . We 
h a v e  u s e d  th e  e q u a tio n s  o f  m o tio n  m e th o d  f o r  ca lcu la tio n
Model study o f interplay o f superconductivity and magnetism in cuprate superconductors 783
of the single particle G reen’s functions by Zubarev’s 
technique [ 10].
3. C alcu lation  o f A FM  an d  SC o rd e r  p a ram ete rs
We can calculate one electron G reen’s functions using (18)
the Hamiltonian given in eq. (1) for the superconducting 
state of the cuprate systems. Out o f the eight first site 
Green’s functions A,{k,(o) (i = 1-8) involved in these 
calculations, the first two G reen’s functions are defined
The coupled equations are solved exactly to 
Green’s functions i.e, Bi2 (k,(0) as
find out the
(19)
A2(k,a) = ({a[^^\al (9) (20)
The coupled equations are solved exactly to find out the 
two required G reen’s functions Le, A i2(k,(o) as
where
A = ( 10)
D'o\ = {{u )-h l2 f -A ~ ] l ,w ‘ - e j )  
-2 u )v ~ ((o ~ h l2 )+ ir .
(21)
where
The poles of the Green’s functions Ai(ka)) and H2{k,OJ) 
give eight quasi-particic energy bands. However, it is 
difficult to calculate the quasi-particle band from* |D |2| in 
eq. (12) which is a polynomial of the order eight. We 
simplify the problem by assuming that the /-electron
( 12) Fermi level and the hybridization
is weak. Hence we neglect e f  and d * from |Di2| given 
in eq. (12). The condition |D|>| -  P i | p 2|= 0 gives eight 
Dj |,|D 2| = quasi-particle energy bands ±0), (i = 1-4) as given below
|D i2 |= lD ,||D 2 |-4 ey -e*  ,
(8)
^ u ( * ) = € o ( i t )  + (A /2 Tzl)^
.2 .^ 2  , . 2 .= j^ =feQ +/l /4  I 
|Do| = { (f l)+ fc /2 )^ -4 ^ ]((U --e J )
-2(o)+h/2)(ov^  +v*,
(14)
(15)
(16)
±C0,.2 = 5, ± V i ? -4 7 ;
1/2
±0^3,4 =
where
\Dj\,\Di\-‘ {Q )Thl2){a)^-€])io )  - € ^ ) u ^  (17)
Similarly out o f the eight second site G reen’s functions 
^i{ktO))(i = 1- 8) involved in the calculations, the first 
two Green’s functions are defined as
5i = E,^^+6 y- +2u ^
1/2
(22)
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•S’2 =  p 2k ^  ? +2V  ,
-r- r-"> ’’ 2f ,  =  £-21 ^  / ■ (23)
T h e  S C  p a ra m e te rs  d e f in e d  in cq . ( 8 ) is c a lc u la te d  fro m  
th e  G re e n ’s fu n c tio n s  A iik.o)) an d  B2(k,(ii) g iv e n  in eq s . 
( 11) an d  ( 2 0 ).
a  = 4 r /e „ [//,(7 ’) - / / 2 ( 7 ’)].2 ton (24)
-u ^ (tu „- 6 ^)P(2 w J - 2 (0 „ e ^ + / ^ ) .  (32)
Q a (-o i„ )  = ( c o l - e } J ( ( i ) l - h ^ / 4  + A ^ - e l )
- u ^ ( < u „ - e , ) P ( 2« ^ - 2a » „ e j r + u ^ )  ( 33)
w h e re
a n d  th e  F e rm i fu n c tio n s  a re
/(±ftJ„) = [l + exp(/3±Wa) ' ] .
/ / ,  ( 7 )  = ( £ ’1 ( 7 - ) - Fz ( D )
H ^ (X )=  ,  ' ■ ■v ( F i ( 7 ) - F 4 ( r ) ) ,0) 3 - (O i
F „ {T) = - l - ( f o y e l - A ^ + h ^ / 4 )
m J iA
(25)
(26)
\ ( o l - e ) ) - 2M l v ^  + v ta n h j3o>„ (27)
where ar = 1 to 4. The AFM parameter defined in eq. (4) 
is calculated from the Green’s functions A,(£,ry) and 
B i(k ,o j) given in eqns. (10) and (19).
1 r 1/i =  - - g , r  h d € o [ H y { T ) - H , { T ) l
4 J~WD
w h e re
7 / 3  (T) = (G, (7) -  Gz (7 )) ,
o>i ~ a >2
7 / 4  (F) = - V t  (G3  (7) -  G4  (7 )),
W3
(28)
(29)
(30)
Q  f f )  =  F q ( f i ia ) fa i^ a )~ Q a i .  0^ a ) fq (  tO„)  ^ j^
(O ghA
F« (<w« ) =  (< »«- e }  )P / 4 + 4 ^ - e g )
N (0 )  is the density of states of conduction electrons at 
the Fermi level. The different physical quantities of the 
atomic sub-system are made dimensionless dividing them 
by the hopping integral 2/o. The width of the conduction 
band is W = 8 /0. The dimensionless parameters are given 
by
_A
2 tflz =  — , g  =  W (0 )Vo, d>o = r ^ ,  r =2 /o
K b T
2tn
h\ = ~  , gl  = N (0 )8 i Vb , d = y ~ , v  =2 f 2 /n 2tn
4. Results and discussion
It is seen from the gap equations (24) and (28), that the 
SC gap z  and the AFM gap h , are the functions of 
themselves and the chemical potentials. So the gap 
equations are solved self-consistently under the half filling 
band situations with the Fermi level lying at the middle 
of the conduction band. The different reduced parameters 
involved in the numerical calculations are the SC gap z, 
the AFM gap h „  /-level position d, the hybridization 
strength v  and the reduced temperature t. Here, we have 
taken the conduction band width W = Sfo r  I eV and 
the Debye frequency cOp z  250 K for the high-7, 
superconductors. The interplay of the SC gap z  and the 
AFM leads to two situations i .e ,  T s  >  and Tf, <  Tc fof 
both the borocarbide as well as high-7 ,^ superconductors. 
We report below only the former situation and discuss 
the effect of the interplay and parameter dependence of 
both the gaps for systems like Ri.^e;,Cu0 4  (R = Gd, 
Tm.....).
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Figure 1. The self-consislent plot of z, h i vs t for fixed values o {  d  -  
0.(KK)89. V = 0.0003, g = 0.190 and = 0.110.
F o r th e  c h o ic e  o f  th e  S C  c o u p lin g  g  =  0 .1 9 0  a n d  th e  
AFM  c o u p lin g  gx =  0 .1 1 0 , th e  te m p e ra tu re  d e p e n d e n c e  
of the  S C  g a p  z  a n d  th e  A F M  g a p  h \  in  th e  c o e x is te n c e  
phase o f  th e  s y s te m  is  d e p ic te d  in  F ig u re  1. T h is  c h o ic e  
of an d  g \  d e s c r ib e s  th e  sy s te m  fo r  th e  N ^ e l te m p e ra tu re  
Is is g re a te r  th a n  th e  S C  tra n s it io n  te m p e ra tu re  IT ie 
tem p era tu re  d e p e n d e n c e  o f  th e  S C  g a p  z e x h ib its  m e a n  
field b e h a v io u r  w ith  z(t  =  0 )  -  0 .0 0 5  a n d  t, ~  0.(X)15 
giving a  v a lu e  o f  2 A (0 )/K bTc ~ 5 .0  w h ic h  is  g re a te r  th a n  
the B C S  u n iv e rs a l  v a lu e  o f  3 .5 2 . T h is  h ig h  v a lu e  is 
com patib le  w ith  th e  re su lts  o f  th e  high-T ,. su p e rc o n d u c to rs . 
On the  o th e r  h a n d , th e  A F M  g a p  h i  a ls o  e x h ib its  m ean  
field b e h a v io u r  w ith  a  d e p re s s io n  o f  th e  g a p  a t lo w  
tem p era tu res . O n  lo w e r in g  th e  te m p e ra tu re  fo r  t < /yv. th e  
AFM  g a p  p a r a m e te r  in c re a s e s  to  a  b ro a d  m a x im u m  a t 
and  th e n  d e c re a s e s  to w a rd s  lo w  te m p e ra tu re s  w ith  a  
m inim a a t a  te m p e ra tu re  C  th e n  in c re a s e s  to w a rd s  lo w  
tem pera tu re . In  th e  te m p e ra tu re  ra n g e  tc < t  < t^ / l ,  th e  
decrease in  A F M  g a p  is  d u e  to  th e  p a ra m a g n e t ic  sp in  
fluctua tion  a b o v e  th e  S C  tra n s it io n  te m p e ra tu re  a n d  th e  
m in im a o c c u r s  w h e re  th e  S C  p h a s e  d e v e lo p s .  T h e  
depression  in  A F M  g a p  a t lo w  te m p e ra tu re  is d u e  to  th e  
onset o f  th e  s u p e rc o n d u c t iv i ty  a n d  th e  sp in  n ip p in g  d u r in g  
the c o e x is te n c e  p h a s e  d u e  to  th e  h y b r id iz a tio n  b e tw e e n  
die c o n d u c tio n  e le c tro n  a n d  th e  / - e le c t r o n s .  A ls o  th is  
depression  in  A F M  g a p  in  c o e x is te n c e  p h a s e  m ig h t b e  
enhanced  d u e  to  th e  p ro x im ity  o f  th e  / - l e v e l  o f  th e  ra re -  
earth a to m . T h e  a n o m a lo u s  b e h a v io u r  o f  th e  A F M  g a p  a t 
•ow te m p e ra tu re s  m a y  b e  e x p la in e d  d u e  to  th e  fo rm a tio n  
of A F M  o rd e r  in  th e  / - e le c t r o n .  F u r th e r  th e  fo rm a tio n  o f
th e  S C  p a ir in g  a m p litu d e s  o f  th e  ty p e  : m ix e d  p a ir in g  
^  ^ / - l e v e l  p a i r i n g
re sp o n s ib le  fo r  th e  d e p re s s io n
o f  th e  A F M  g a p  a t lo w  te m p e ra tu re s . T h e  e f fe c t  o f  th e  
S C  c o u p lin g  g  on  S C  g ap  an d  th e  A F M  g a p  a re  il lu s tra te d  
in F ig u re s  2 a n d  3 an d  th e  e f fe c ts  o f  th e  A F M  c o u p lin g  
g l  dll the  S C  g a p  a n d  th e  A F M  g a p  a re  sh o w n  in  
F iguifes 4  a n d  5.
F ig u re  2 sh o w s  th e  s e lf -c o n s is te n t  p lo t  o f  ^ / in
th e  c f)ex is ten ce  p h a se  o f  th e  sy s te m . It is o b s e rv e d  th a t 
the  ii^crease in th e  S C  c o u p lin g  g  le a d s  to  th e  s u p p re ss io n
0.006,- - - - - - - - - - - - - — -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
0.(K)3
Figure 2. The self-consistent plot o t  z vs t for fixed values of </ « 
0.00089, V = 0.0003 and gl =0.110 and different values of ^ = 0.192, 
0.190 and 0.188.
Figure 3. The self-consistent plot of /il vs t  for fixed values of d « 
0.00089, V = 0.0003 and g/ = 0.110 and different values of g » 0.192, 
0.190 and 0.188.
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o f  th e  S C  g a p  th ro u g h o u t th e  te m p e ra tu re  ra n g e , b es id e s  
th e  su p p re ss io n  o f  th e  S C  tran s itio n  te m p e ra tu re . T h is  
ty p e  o f  b e h a v io u r  is  a lso  o b se rv e d  in a  m o d e l s tu d y  o f  
th e  su p e rc o n d u c tiv ity  an d  sp in -d e n s ity -w a v e  (S D W ) s ta te
[11]. T h e  e ffe c t o f  th e  S C  c o u p lin g  on  th e  A F M  g a p  is 
sh o w n  in F ig u re  3 . T h e  in c re a se  o f  th e  S C  c o u p lin g  
in c re a se s  th e  A F M  g a p  th ro u g h o u t th e  te m p e ra tu re  ra n g e  
a c c o m p a n ie d  by th e  e n h a n c e m e n t o f  th e  N ee l te m p era tu re . 
T h u s  it a p p e a rs  th a t th e  S C  c o u p lin g  g  ac ts  as  th e  A F M  
co u p lin g .
F ig u re  4  il lu s tra te s  th e  v a r ia tio n  o f  th e  S C  g a p  d u e  to  
th e  c h a n g e  o f  th e  A F M  c o u p lin g . T h e  in c re a se  o f  A F M  
c o u p l in g  e n h a n c e s  th e  S C  g a p  z t h r o u g h o u t  th e  
te m p e ra tu re  ra n g e  b e s id e s  e n h a n c in g  th e  S C  tra n s itio n  
te m p e ra tu re . T h u s  it a p p e a rs  th e  p re se n c e  o f  th e  A F M  
o rd e r  h e lp s  in e n h a n c in g  th e  S C  o rd e r. F ig u re  5 sh o w s
Figure 4. The self-consistent plot o f z vs i for fixed values of d = 
0.00089, u = 0.0003 and g = 0.190 and different values of gl = 0.111, 
0.110 and 0.109.
F ig im  5> The self-consistent plot of h i vs t for fixed values of d  s  
0.00089, V •  0.0003 and g m 0.190 and different values of gl k 0.111, 
0.110 and 0.109.
th e  e f fe c t o f  A F M  c o u p lin g  o n  th e  A F M  g ap . T h e  AFM  
c o u p lin g  h a s  n o  e f fe c t  o n  th e  A F M  a n d  N d e l tem p era tu re  
in  th e  n o rm a l m a g n e tic  p h a s e  in  th e  te m p e ra tu re  ra n g e  t, 
< t  < tn. H o w e v e r  th e  A F M  c o u p lin g  g l  e n h a n c e s  the 
A F M  g a p  in  th e  c o e x is te n c e  o f  th e  S C -A F M  p h a se  in 
th e  te m p e ra tu re  t  < tc. T h u s  it a p p e a rs  th e  A F M  long 
ra n g e  o rd e r  an d  th e  S C  o rd e r  e n h a n c e  e a c h  o th e r  in the 
c o -e x is te n c e  p h a se . T h is  ty p e  o f  b e h a v io u r  is  o b se rv e d  in 
th e  S C -S D W  c o -e x is te n c e  p h a s e  in  h ig h -T f p h a se  fU j  
a n d  a lso  in h ig h -7 ;  sy s te m s  [7 ,8 ].
5. Conclusion
W c h a v e  fo r m u la te d  a  m o d e l  f o r  h ig h -T f  c u p ra te s  
d e sc r ib in g  th e  c o -e x is te n c e  o f  A F M  o rd e r  a n d  S C  order 
d u e  to  th e  c o n d u c tio n  e le c tro n s  in  p re s e n c e  o f  the 
h y b rid iz a tio n  b e tw e e n  th e  c o n d u c tio n  e le c tro n s  a n d  th e ^ -  
e le c tro n s  o f  th e  ra re -e a r th  a to m , w ith  / - e le c t ro n  energy 
le v e l ly in g  a b o v e  th e  F e rm i le v e l. A  p a r t o f  the  co ­
e x is te n c e  p h a s e  re su lts  is  re p o r te d  in  th is  co m m u n ica tio n  
w ith  an  e m p h a s is  o n  th e  p o s it io n  o f  th e  / - l e v e l  o f  the 
ra re -e a r th  a to m  w h ic h  a c ts  a s  an  im p u rity  in th e  Cu-O  
p la n e  in  th e  e le c tro n  d o p e d  c u p ra te  sy s te m s . T h e  co­
e x is te n c e  o f  th e  A F M  a n d  th e  S C  p h a s e  a t  low 
te m p e ra tu re s  g iv e s  r is e  to  a  d e p re s s io n  in  th e  A F M  gap 
w h ic h  m a y  b e  d u e  to  th e  sp in  f lip p in g , d u e  to  the 
fo rm a tio n  o f  e i th e r  th e  S C  p a ir in g  in  c o n d u c tio n  electrons 
o r  th e  / - e le c t ro n s .  I t  a p p e a rs  a s  i f  th e  S C  c o u p lin g  acts 
a s  th e  A F M  c o u p lin g  re s u lt in g  in  e n h a n c e m e n t  fo r  the 
A F M  g a p  a s  w e ll a s  N d e l te m p e ra tu re . H o w e v e r  the 
A F M  c o u p lin g  e n h a n c e s  b o th  th e  S C  o rd e r  a n d  th e  AFM  
o rd e r  in  th e  c o -e x is te n c e  p h a s e  a t  lo w  tem pera tu res . 
H e n c e  th e  c o -e x is te n c e  p h a s e  is  c o n d u c iv e  to  b o th  the 
A F M  lo n g  ra n g e  o rd e r  a n d  th e  S C  o rd e r  in  th e s e  system s.
Acknowledgment
Two of the authors (BP and OCR) gracefully acknowledge 
the research facilities offered by the Institute of Physics, 
Bhubaneswar during their short stay.
References
[1] K Kurahashi, S Wakimoto, C H Lee, K Yamada and S Hosoya /
Phys. Soc. Jpn. <5 3994 (1996)
[2] S Widumoto, K Yamada, Y Endoh and S Hosoya J. Pkys. Soc. Jp«-
65 581(1996)
[3] RJBiigeneau,RJOiristianaon, YEndoh.MAKistner,YSLec.C!
Shirane, B O W dia and K Yamada P h ysk a  B237-238 84 (1997)
Model study of interplay of superconductivity and magnetism in cuprate superconductors 787
(4) Hamath Ghosh, S SlI and S N Behera Physica C316 34 (1999)
|5j P Fulde J. Low Temp, Phys. 45 45 (1994); P Fuldc el al. Z  Phys. 
892 133(1993)
|ftl G C Rout, B N Panda and S N Behera Physica B271 136 (1999)
[7 ] G C Rout, B N Panda and S N Behera Physica €7333(1^) 104 
(2000)
(8J G C Rout and K C Bishoyi Physica C7391 326 (2003)
(9] B Pradhan, G C Rout and S N Behera Indian J. Phys. 77A (2003) 
llOJ D N ZubarevSov. Phys. Usp. 3(71) 320(1960)
111] K C Bishoyi, G C Rout and S N Bchcru Indian J. Phys 78 809
(2004) (this issue)
